Acute kidney injury frequently occurs in hospitalized patients all over the world. The prognosis remains poor since specific therapies for promoting kidney regeneration / repair are still missing.
Cell-Based Therapies in Acute Kidney Injury (AKI)
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Introduction
Acute kidney injury remains a substantial problem in hospitalized patients worldwide with increasing incidences in recent years. It is being estimated that 15-18% of all individuals treated in european hospitals suffer from an acute decline in kidney excretory function during the course of the disease [1] . This situation significantly results from aging of the population in general, going in parallel with increased cumulative morbidity. However, the prognosis of the syndrome, which may occur under various circumstances, has not significantly been improved since the mid 1990s. Overall mortality rates range between 3-5% with a particularly high risk in patients treated at the ICU (30-50%) [2] . Survival rates decrease with progessive loss of kindey excretory function according to the AKIN-criteria [3] . The lowest survival rates have been identified in subjects with a malignant disease, chemotherapy-associated sepsis and dialysis-requiring AKI (90%) [4] . The 2012 KDIGO guidelines offer criteria for diagnosing AKI, they are based on dynamic changes in the serum creatinine concentration [5] . It has widely been accepted that serum creatinine is a marker of poor quality in terms of early AKI detection. Alternative biomarkers have been evaluated over the last 15-20 years with none of them truly being suitable for replacing creatinine [6] . Thus, in most cases AKI is diagnosed too late for appropriate management of the respective cause and the ensuing consequences on kidney function and structure. Another problem which accounts for the poor prognosis of AKI is related to the management per se. So far, specific pro-renegerative strategies are missing. The majority of therapeutic measures is intended to avoid further damage. It becomes evident that new or alternative strategies are needed.
In recent years, cell-based therapies have increasingly been established in the clinic. The most expanded area in this respect is stem cell treatment in oncology. By supplying host-derived or allogeneic bone marrow-derived hematopoietic stem cells, a number of individuals suffering from hemato-oncological disorders may be stabilized in a transient manner or even be cured. In addition, the so-called population of Chimeric Antigen Receptor (CAR) T cells has revolutioned the treatment of relapsing or refractory B cell malignancies [7] [8] [9] . Recently, Dellepiane and colleagues extensively summarized the literature on cell-based therapies in AKI and kidney transplantation [10] . Particulary in the second field, numerous trials have been initiated, employing either Mesenchymal Stem cells (MSCs), or Hematopoietic Stem Cells (HSCs), or regulatory T cells. A common characteristic of all approaches is the induction of immuno-tolerance towards allogeneic cells / antigens in the graft.
In terms of cell-based AKI therapy, two essential problems arise. The first problem is the heterogeneity of causes, the second the highly complex structure of the kidney. The most common cause of AKI, transient or prolonged renal hypoperfusion induces numerous homeostatic alterations in tubules, glomeruli, vessels, and the interstitium [11, 12] , respectively. The multitude of cellular and humoral processes involved may hardly be accessible by modulatory effects of a single population of injected cells. Other causes of AKI are glomerular or vascular or primarily interstitial disorders, all of these characterized by disease-specific mechanisms responsible for tissue damage and malfunction. Most experimental AKI studies performed so far employed either renal ischemia and / or tubulo-toxic substances in order to impair kidney function. Meanwhile, certain homogenous or heterogenous cell populations have been applied in experimental AKI. In addition, several studies in humans have been initiated.
Aim of the article is to report on the progress that has been achieved in the field and to point towards potential perspectives for the clinician. The following cell populations shall be discussed in detail: induced Pluripotent Stem Cells (iPSCs), Spermatagonial Stem Cells (SSCs), Proangiogenic Cells (PACs) and Endothelial Colony Forming Cells (ECFCs), and Mesenchymal Stem Cells (MSCs).
Terminology
A few terminological remarks may preceed the discussion of individual cell populations. ´Totipotency´ reflects the ability of cells to further differentiate into any cell type of an organism. Strictly taken, this characteristic behavior is exclusively fulfilled by the zygote. Pluripotent cells in contrast can give rise to almost any cell type, the only exception being placental cells. Multipotent cells may differentiate into cells originating from one germ layer and unipotent cells are progenitors of one well-defined cell population. The 2012 nobel prize in medicine / physiology was awarded to Sir J. B. Gordon and to S. Yamanaka for ´the discovery that mature cells can be reprogrammed to become pluripotent´ [13] . Until then, embryonic stem cells were the only cell population displaying a pluripotent behaviour. iPSC were initially generated from adult fibroblasts by activating the following genes: Oct3/4, Sox2, c-Myc, and Klf4 [14] . Meanwhile, a vast amount of studies from other groups has been published, substantially confirming the observations made by Gordon and Yamanaka. A medline-based search using the term ´induced pluripotent stem cells´ reveals more than 10, 000 individual citations. Thus, the field has dramatically emerged. The first kidney-related investigations of iPSCs were published in 2011 and 2012. Thatava et al. originated iPCSs from keratinocytes of individuals with End-Stage Renal Disease (ESRD) of different etiology (Lupus nephritis and Autosomal Dominant Polycystic Kidney Disease) [15] . Song and colleagues employed iPSCs as podocytic progenitors [16] . In 2012 finally, Lee et al. transdifferentiated murine fibroblasts into iPSCs, subsequently followed by their subcutaneous administration in NOD-SCID mice [17] . Cells gave rise to cartilage, smooth musculature, and neurons which was in line with their pluripotent abilities. Next, iPSCs were administered in experimental AKI, either intraperitoneally or intravenously or directly into the renal artery. The latter procedure was associated with a significant improvement in blood urea nitrogen levels. Surprisingly, administered cells did not further differentiate in neither tubular epithelial nor endothelial nor glomerular cells despite their ability to reduce tubular apoptosis, interstitial inflammation, and oxidative stress, respectively. Thus, iPSCs, although capable to differentiate into almost any cell type which can originate from all three germ layers, acted by indirect mechanisms and not by substituting specific cells in a direct manner. Lately, Yuan and colleagues [18] found lower blood urea nitrogen and creatinine levels and improved morphological parameters post-AKI, under the administration of so-called human-induced pluripotent stem cell-derived mesenchymal stromal cells (hiPSC-MSCs) to be critically mediated by extracellular vesicles. We will later discuss this new field more in detail. The following sections will always highlight the respective mechanism(s) of cell-mediated AKI-protection. These informations are critical for any approach that is intended for employing cell-based therapies in the clinic.
Spermatogonial Stem Cells (SSCs)
(Almost) every male hosts SSCs in the testes, they are precursors of spermatocytes [19] . Thus, SSCs are unipotent under physiological conditions. Nevertheless, artificial procedures can be applied in order to reprogram SSCs into cells with pluripotent behavior. Two methods have been reported, the first involves SSC culturing in leukemia inhibitory factor-containing medium, the second requires co-culturing of SSCs and Mitomycine-C treated embryonic fibroblasts from mice [20] . The ensuing cell population has been defined as Germline cell-derived Pluripotent Stem Cells (GPSCs) [21] . Both cell types, SSCs and GPSCs have been administered in experimental AKI. Wu et al. observed intratubular incorporation of Y-chromosome+ cells in female mice after SSC injection [22] . Nevertheless, the mentioned study did not evaluate post-AKI outcome parameters such as serum creatinine. Another study, published by De Chiara and colleagues employed GPSCs instead and found the in vitro-differentiation of renal tubular like cells accompanied by significant AKI-protection in the long-term: interstitial fibrosis and inflammation were reduced at week 6 post-injury [20] . As oposed to iPSCs, (SSCs and) GPSCs apparently act by direct mechanisms and not by modifying the post-ischemic milieu through paracrinic and / or other vesicular-dependent mechanisms.
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Mesenchymal Stem Cells (MSCs)
Among all cell populations applied for therapeutic purposes in AKI, MSCs have been evaluated in the largest number of experimental and even clinical investigations so far. They may be isolated and expanded from bone marrow, adipose tissue, umbilical cord and other sources [23] . In culture, they display a fibroblast-like morphology and display a characteristic, although not specific cell-surface marker pattern (positiv: CD73, CD90 und CD105; negative: CD11b, CD14, CD19, CD34, CD45, CD79a and HLA-DR) [24] . Their multipotent capacity is reflected by the cells´ ability to differentiate into chondroblasts, osteoblasts, adipocytes, and myocytes, respectively [25] . Hallmark studies came from the group around Westenfelder. A first study from 2005 [26] reported MSC isolation from the bone marrow, followed by iron labeling and systemic administration in post-ischemic rats. Cells accumulated in the renal cortex as shown by magnetic resonance tomography and kidney excretory function was significantly preserved at days 2 and 3 after cell therapy (serum creatinine concentration). Tögel et al. [27] found comparable AKI-protective effects (quantification of serum creatinine) but failed to detect injected cells to be incorporated in either tubules or vessels or other specific (sub)compartments of the kidney. Additional studies revealed the subcellular mechanisms of MSC-mediated tissue-protection to be predominantly indirect in nature. Firstly, the cells have been shown to secrete a heterogenous amount of paracrinic substances [28] . Secondly, they produce and excrete or shed extracellular vesicules [29] . In recent years, the topic extracellular vesicles has significantly caught the attention of several groups around the globe. Among the substances secreted by MSCs are monocyte chemoattractant protein-1 (MCP-1/ CCL2), IL-6, IL-8, fibronectin, periostin, collagen, and metalloproteinase inhibitors. In addition, the cells produce growth factors such as insulin-like growth factor 1 (IGF-1), hepatocyte growth factor (HGF), and vascular endothelial growth factor (VEGF) [28] . Microvesicles are small organelles in the size of 50-200 nm, released by shedding from biologically active cells. They may contain certain bio-active substances such as microRNA molecules and proteins with anti-apoptotic and immunomodulatory effects [30] [31] [32] [33] . The functional relevance of MSC-generated microvesicles has been documented by studies in which the vesicular fraction alone was effective in preventing experimental AKI [34] . One may argue which functional component, the MSC secretome (paracrinic substances) or the microvesicular fraction, is more relevant in terms of protecting the kidney and other organs from acute and chronic damage. Nevertheless, MSCs have meanwhile been employed in numerous clinical trials. As reported by Peired and colleagues [28] , several clinical investigations have been initiated in subjects with kidney diseases. Lately, Dellepiane summarized trials currently performed in individuals at higher AKI risk [10] . Five studies were named, the respective NCT numbers are: NCT00511407 (Renal Assist Device vs. CVVHD); NCT01602328 (AKI in cardiac surgery subjects); NCT00733876 (AKI in cardiac surgery subjects); NCT01602328 (AKI in cardiac surgery subjects); NCT01275612 (Cisplatin treatment in solid organ cancers). At this moment we would like to shortly name some essential inclusion criterium of the named investigations: cisplatin-induced AKI, post-cardiac surgery AKI (three times). The last section will recall this information. In addition to AKI, MSCs are currently evaluated in more than 10 trials related to allograft rejection in kidney and liver transplant recipients. For more information we would like to refer to Dellepiane and colleagues [10] .
Proangiogenic Cells (PACs) and Endothelial Colony Forming Cells (ECFCs)
These two groups represent the so-called Endothelial Progenitor Cell population (EPCs) which has initially been identified by Asahara and colleagues [35] . In recent years it has seriously been questioned whether EPCs truly exist or not. For a long period, proangiogenic cells were thought to represent EPCs, as reflected by different terms such as early EPCs or ear-ly Endothelial Outgrowth Cells (eEOCs) [12] . Meanwhile, it seems acceptable to negate any substantial progenitor cell capacity of early EPCs. Basile and Yoder proposed an alternative terminology instead, ProAngiogenic Cells (PACs), which seems a reasonable approach [36] . PACs without any doubt act vasoprotective or proangiogenic, since numerous experimental trials succsessfully applied the cells in ischemic disease models such as coronary and peripheral artery and cerebrovascular disease [37] [38] [39] [40] [41] [42] . The cells can be isolated and expanded from the mononuclear blood cell population of certain vertebrates. In culture, PACs appear after 5-7 days [37] . A number of studies intended to identify a characteristic PAC cell surface marker pattern. Nevertheless, a specific set of markers is still missing. Overall, PACs display hematopoietic and endothelial properties, with the respective balance between these two phenotypes depending on the procedure employed for cell expansion [37] . Thus, PACs are everything but homogenous in nature. ECFCs on the other hand may represent genuine precursors of mature endothelial cells [43] . Comparably to PACs, ECFCs can be extracted from mononuclear blood cells as well but culturing requires significantly longer periods (3-8 weeks) [44] . Both subpopulations, PACs and ECFCs have sucessfully been administered in experimental AKI [44] [45] [46] [47] [48] . In addition, several strategies have been established in order to augment AKI-protective effects of particularly PACs [46, 47, [49] [50] [51] . In almost all of the mentioned studies, kidney excretory function was evaluated by serum creatinine levels and additionally by certain morphological parameters such as acute tubular damage shortly (48 hours) after ischemia. The first study was published in 2006 [48] . Ischemic preconditioning of the kidney induced translocation of autologous murine PACs into the medulla of both kidneys. Isolated medullary mononuclear cells, enriched by PACs protected recipient animals from ischemic AKI (lower serum creatinine). In later studies, PACs were isolated and expanded from blood and spleen of C57/Bl6N mice and injected post-ischemia to recipient animals. It appeared that AKI-protection was less efficient if the ischemic period lasted longer [51] . Thus, further studies were intended to augment the AKI-protective capacity of PACs and several pharmacological agonists of the cells were identified. Among those were melatonin [47] , 8-O-cAMP [51] , Bone Morphogenetic Protein-5 (BMP-5) [46] , and Angiopoietin-1 [50] and -2 [49] . A more recent study showed that PACs administration post-AKI did not only prevent the kidney from acute loss of excretory function but also stabilizeed certain structural outcome parameters such as interstitial fibrosis and loss of peritubular capillaries [52] . PACs predominantly act by indirect mechanims, whereas ECFCs also operate as substitutes of damaged endothelial cells [37] . Human studies are missing yet.
Cell-based therapies in human AKI -perspectives and current limitations
No matter how promising certain experimental approaches for AKI-prevention, namely those employing cell-based procedures, may appear at first sight, several limitations will hardly be resolved in the near future. These limitations make it almost unrealistic to establish cell therapies in the clinical practice. We discussed the following issues in the past [12] but would like to summarize the essential problems once more. The first problem that needs to be addressed is related to the exact timing of cell administration. In an ideal situation, cells would be applied at the moment of AKI onset, e.g. shortly after renal ischemia. Unfortunately, acute kidney dysfunction does neither cause any typical symptoms, comparable to cardiac ischemia for instance nor are any marker molecules available that allowed a fast and early detection of AKI. From the clinicians´ perspective it is impossible to define the exact moment at which AKI evolves. Even if it became possible to predict the moment, cells for therapeutic administration should be available more or less immediately. To obtain proangiogenic cells, to give an example, usually requires between 5 and 7 days [53] . Therefore, AKI must be diagnosed almost a week in advance. Another problem concerns the compatibility between cells and recipient. Strictly speaking, cell therapy must be defined as tissue transplantation. One may object that MSCs or PACs or SSCs are obtainable from the future recipient. Although true, such an approach assumes consistently and comparably protective biological effects of cells isolated from different hosts. Bone marrow-derived cell competence has been shown to decline under diabetic circumstances [54] , defective PAC regeneration was documented in subjects with higher dardiovascular risk [55] . There are of course certain situations in which cells, whatever their origin and biological behavior may be, can be applied in a controlled manner: post-cardiac surgery, chemotherapy with tubulo-toxic drugs such as cisplatin. There are currently three clinical trials performed in AKI, all of these initiated in subjects at very high AKI risk (see Mesenchymal Stem Cells). However, the largest quantity of AKI events occurs in individuals with sepsis or heart failure, therefore under conditions, that do not allow to predict the exact moment at which the kidney is significantly compromised.
Thus, if considered pessimistic, one may discard cell therapies in AKI as future option in hospitals worldwide. Nevertheless, we suppose that the mechanisms by which cells act within the post-ischemic microenvironment may be utilized for therapeutic purposes. As discussed earlier, MSCs, PACs / ECFCS, and iPSCs predominantly mediate AKI-protection through indirect processes, e.g. by modulating the humoral milieu in a paracrinic manner and / or by secreting microvesicles in close proximity to tubules and the vasculature. In a 2012 published investigation by Cantaluppi and colleagues [45] , PAC-derived microvesicles alone prevented animals from AKI. The study also revealed certain microRNA molecules to be responsible for promoting tissue repair. In our opinion, the ex vivo synthesis of microvesicles for therapeutic purposes appears difficult to say the least. Therefore, our current investigations focus on the secretome of PACs, on the heterogenous group of humoral factors synthesized and secreted by proangiogenic cells under native and artificial conditions. By possibly identifying a pattern of PAC-derived proteins that mediate kidney protection / repair in acute situations, new perspectives for AKI management may arise. Whether the overall goal, to improve AKI outcomes and costs can be achieved, at least in part, remains speculative at the moment.
Conclusion
We nevertheless conclude that any direct application of cells in daily clinical practice will most likely not become a suitable option. Fig. 1 depicts mechanisms of cell-mediated AKI protection. 
